In undulating or sloping land, water distribution in soil has a major influence on crop yield through stresses on vegetation. It is difficult to predict the impacts, however, so a crop model is required to simulate topography-related horizontal redistribution of summer precipitation and its effect on yield. This study uses a potato model (POMOD), operating with the concept of meteorologically possible yield (MPY). It was supplemented to assess precipitation redistribution by runoff on a sloping surface. Slope incline, soil moisture and rainfall intensity were environmental parameters, with rainfall intensities replaced empirically with more convenient daily rainfall sums. Differences in the water balance, as compared to a non-sloping level surface, were computed for three different parts of a notional slope 3
Introduction
Of the four soil physical factors that affect plant growth (mechanical impedance, water, aeration, temperature) (Shaw 1952; Kirkham 1973) , water is the most significant. Soil moisture plays an important role in plant productivity by controlling transpiration between soil, plant and atmosphere. Several studies in various geographical regions (e.g., Ridolfi et al. 2000; Srinivasan et al. 2000; Porporato et al. 2003) have demonstrated that soil moisture is often one of the main stress factors for vegetation and crop yield. For instance, in the United States 40.8% of crop losses are caused by drought and 16.4% by excess water, while insects and diseases amount to only 7.2% of the losses (Boyer 1982) . Potato is more sensitive to water stress compared to most other crops and its yield and grade are reduced by a relatively mild water stress (e.g. Epstein & Grant 1973; Robins & Domingo 1956; van Loon 1981) .
In most parts of the world, crop production depends on rainfall (Harpal & Graeme 2004) . However, not all rainfall is effectively used in crop growth, as some is lost by runoff, infiltration and evaporation. Heavy and high-intensity rainfalls are lost most from soils because of losses from surface run-off or to groundwater. Among other factors, the effectiveness of rainfall is strongly influenced by topography, which determines the redistribution of summer precipitation as runoff (both on surface and internally in the soil). Such a redistribution of precipitation on inclined surfaces increases drought frequency on slopes and often causes excessively wet conditions in the foothills. Romanova (1977) remarked that soil moisture in different locations on slopes differs more than even under a transition from one climatic zone to another.
A crop model that can predict site-specific differences in the field needs to account for the topographyrelated redistribution of precipitation water and its possible effect on bio-production/yield. However, this presents a significant challenge as even a realistic estimate of the influence of soil water on crop yield is complicated. In complex terrain, where topography, land use, soil and weather conditions as well as changing agrotechnology result in large year-to-year yield variations, the challenge is considerable. One way to address such complexity is to study only certain factors influencing crop yield, with other factors assumed to be at their optimum. We used the method of reference yields (Kadaja & Tooming 2004) , based on the principle of maximum plant productivity (Tooming 1967 (Tooming , 1970 (Tooming , 1988 , and observed maximum plant production under different limiting factors. Using this method, the yield limiting factors could be divided into general agroecological groups: biological, meteorological, soil and agrotechnical groups. These were then included in the model separately, starting from the optimal con-ditions for the plant community (Tooming 1993 (Tooming , 1998 Kadaja & Tooming 2004 ). The corresponding categories of reference yields, as limits between the aforementioned groups, are in descending order: potential yield, meteorologically possible yield, practically possible yield, and commercial yield. This strategy has been applied into a potato crop model POMOD (Kadaja & Tooming 2004 ) for calculating the potential yield (PY) -the maximum yield of the given species possible under available solar radiation, and the meteorologically possible yield (MPY) -the maximum yield accessible in the existing meteorological conditions. Long-term series of the MPY are efficient for estimating climate variability through plant productivity (Saue & Kadaja 2009 ). In such estimations we have excluded the effects of soil and management, and have only studied crop yield variability induced by a complex of meteorological conditions. By supplementing the model with a scheme to reckon precipitation redistribution on a slope, a convenient method to achieve knowledge about the influence of topography on plant productivity was achieved. In the present paper, the runoff of precipitation from a slightly sloping field, resultant differences in water balance and their influence on potato yield were addressed for two climatologically different localities in Estonia. We suggest that under the changeable weather conditions of higher latitudes, even a considerably small slope can cause potato yield inequality. The method by Romanova (1966 Romanova ( , 1977 was followed, describing the redistribution of precipitation by the runoff coefficient, related to slope incline, soil moisture and rainfall intensity. The main purpose of the present research was to evaluate the applicability of such precipitation redistribution scheme and the resultant soil moisture variability in the model POMOD.
Material and methods
In the model POMOD, soil available water content is calculated by a water balance equation proceeding from the initial available soil water supply in the beginning of the calculating period. Precipitation, evapotranspiration and water loss by runoff and infiltration through the soil are compounded step by step. If measured soil moisture data of initial water content in the spring are not available, the initial value of soil moisture can be regarded as equal to field capacity at the moment when the soil moisture conditions become moderate (the best suitable condition of soil for planting, observed visually in meteorological stations). Measured data are also required for precipitation. The evapotranspiration is calculated by an empirical equation considering the daily global radiation Q and the leaf area index L of the crop. The parameters are determined by experimental measurements of evaporation from field lysimeters with and without plants (Kadaja & Tooming 2004) ,
The available water content in soil W only has an effect on the evaporation under its optimal value of Wopt. A criterion for runoff and infiltration into deeper soil layers is to take any precipitation exceeding 20 mm per day as runoff (Kadaja & Tooming 2004) . Also, precipitation exceeding 60 mm during ten successive days is taken as runoff (Kadaja 2004 ). In the main version of the model, the soil water balance is calculated for a 0.5 m deep surface layer. Calculated soil water content curves using this approach has given satisfactory agreement with the measured values provided by the Estonian agrometeorological service values (in 12-14 areas over 10-20 years) for most Estonian soils (Kadaja & Tooming 2004) . In uneven landscape, such a general model may be insufficient. Therefore, a sub-model was composed to estimate the amount of water left in the soil after runoff. Generally the method by Romanova (1966 Romanova ( , 1977 was followed, which relates the runoff coefficient α to slope incline, relative soil moisture and rainfall intensity (Table 1) . For α = 0, all precipitation infiltrates into soil; for α = 1 all precipitation drains down the slope and there is no infiltration into soil. In compiling her coefficients table, Romanova analysed the results from different authors to assemble a wide range of soils planted with different agricultural crops. Soils with similar results were divided into two main groups. Of these two groups, we used the data for the heavier soil type group. This group had more effect on runoff, and contained Podzol loam and clay loam soils, which also exist in Estonia. Also, for the present work, we only observed the data for a slope with three-degree angle, since there is practically no cultivation of field crops on steeper slopes in Estonia.
The use of Romanova's runoff coefficients requires precipitation intensities in the model, resulting in very large amounts of data. Generally in models of daily meteorological data, daily sums of rainfall are used. For our purposes, a transition scheme between rainfall intensities and daily precipitation sums was devised. First, an empirical distribution of precipitation was composed on the basis of the precipitation data over three years (2005) (2006) (2007) ) from a rain gauge situated by the observation field. To characterize precipitation during the period of plant growth, we used data from May to September. The rain gauge logs that recorded the time of 0.2 mm precipitation were used to calculate rainfall intensity. For each rainfall day, we calculated the amount of precipitation (mm) within defined intensity intervals of 0-0.05, 0.05-0.1, 0.1-0.5, 0.5-1, 1-2 and > 2 mm min −1 . We replaced intervals with mean values for interpolation. Then, linear regression equations were composed for each precipitation intensity class to characterize the relationship between daily total precipitation and the amount of precipitation of a particular intensity. These equations were used to calculate a precipitation intensity class from total daily amounts. By normalizing the precipitation intensity classes separately from each daily precipitation class, a distribution table of precipitation intensity for different amounts of total daily precipitation was drawn up (Table 2) . As the next step, the runoff coefficients need to be determined for daily precipitation amounts. To achieve this, Romanova's runoff coefficients listed in Table 1 were interpolated for each precipitation intensity listed in Table 2 . The next step involved multiplying the interpolated runoff coefficients by the percentage of precipitation for corresponding intensities from Table 2 . These results were then summed over different precipitation intensities, separately for each daily precipitation value specified in Table 2 . Thus the runoff coefficients for a given daily precipitation were defined. The interpolation of Romanova's coefficients and calculation of runoff coefficients for daily precipitation was repeated separately for three values of soil relative moisture: 0.3, 0.55 and 0.8. As a result, a new table of runoff coefficients depending on daily precipitation and soil relative moisture was composed and applied in the model. On this basis, an updated sub-scheme of the POMOD computes runoff values, using real daily precipitation and soil moisture in three-dimensional interpolation, and replaces the input precipitation data with more precise runoff-related values.
The calculation scheme was applied to three different parts of a notional slope: upper part, receiving water from precipitation and losing it by runoff; lower part receiving water both from precipitation and by inflow from upper slope and losing it by runoff, whereby both precipitation and inflow are bound to runoff; and foothill, receiving water by precipitation and inflow from the whole slope, without any water loss by runoff. Comparatively, a level non-sloping surface with no inflow and runoff was modelled.
To estimate the applicability of this precipitation redistribution scheme, we compiled yet another scheme that applied runoff coefficients directly from observed rainfall intensity. In this scheme, the runoff-coefficients for each intensity class in every single day were found by three-dimensional interpolation. To receive the amount of absorbed water for each day, we multiplied the precipitation of every intensity class with the absorption coefficient β = (1 − α). By summing absorbed water for every intensity class, we get the total absorbed water. Since this scheme makes use of the observed intensities of precipitation, it provides the most precise method for calculating the absorbed water.
By applying the precipitation redistribution scheme to a long-term dataset, we created comparative long-term series of MPY for two climatically different locations in Estonia -Kuressaare, where lack of water can often be a limiting factor for potato yield, and Tallinn, where incidents of excess water occur in several years (Saue & Kadaja in press) . Calculations were performed for three parts of a slope and plain surface.
Results
Comparative model experiments for the year 2005 verified that precipitation redistribution and resultant runoff rates achieved by interpolating Romanova's runoff coefficients (Table 1) into empirical precipitation intensity distribution (Table 2 ) matched well with the more precise rates achieved directly from observed rainfall intensities. A comparison of the soil productive water supply (e.g., Fig. 1 for upper part of a slope) was good. It resulted in less than 0.5 mm differences in soil at 50 cm in most cases. Greater differences occured for extreme rainfall events, when the more generalised scheme did not model runoff as well as the precise intensity scheme. Nevertheless, the differences remained below 1.5 mm in soil at 50 mm soil layer. A mean difference −0.09 mm indicates that there is not a significant systematic difference in soil moisture calculations.
Compatible long-term series of meteorologically possible yield (MPY) were calculated based on the me- teorological data of two climatically different locations in Estonia. In Kuressaare, a lack of water can often be limiting factor for potato yield. Conversely, in Tallinn the potato growing conditions are significantly better, but incidents of excess water occur in several years (Saue & Kadaja 2009 ). Long-term mean MPY values in plain areas for the observed variety 'Anti' are 55.5 t ha −1 in Tallinn and 50.3 t ha −1 in Kuressaare. In both locations we see significant, however not homogeneous, influences of slope on MPY at the foothill area, corresponding to the climatic peculiarity of the given locations (Fig. 2) .
For the upper and lower sections of a small (< 3 • ) incline, no reliable influence of runoff in long-term mean MPY values compared to plain surface could be detected. It should be noted, however, that the situation may be quite different in individual years. Generally, the upper part of the slope is believed to suffer from water runoff and produce lower yields than the plain surface. The model shows this for Kuressaare, where yield limited by water deficiency was well characterized by the change in MPY by the slope. For this area a greater additional inflow resulted in higher MPY. In Tallinn, the effect of the upper slope on MPY depended more on the positive influence of the runoff of excessive water in moist years. For the lower part of the slope, the most favourable growing conditions prevailed, since the inflow water decreased the water deficit and excess water could run off. The worst growing conditions in the Tallinn area appeared at the foothill. Whereas a mean difference of −3.9 t ha −1 could occur in a plain field, the footlhilss had up to −35 t ha −1 difference in a single year. Greater than −15 t ha −1 differences were experienced for almost 20% of the years in the foothills. The yield limiting factor was excess water. For both localities, the greatest differences in yield compared to plain surfaces occured for the foothill. The regional impact was apparent based on climate: Kuressaare responded positively to additional inflow, wheeras in Tallinn the response was negative (Fig. 3) . The differences are much more remarkable in Tallinn causing significant yield loss in about 20% of all years.
Discussion
Inadequate and variable water supply has a negative impact on crop production in any climatic region. Management of water resources is much more crucial and a more universal problem than any of the other factors of the environment. Because of the sensitivity of potato to water deficiency, most studies on potato water stress have focused on deficiencies in soil water. With reference to future climate change, it has been suggested that a major need for irrigation will develop to maintain crop yields (e.g., Holden et al. 2003) . However, Wolf (1999) suggested that in northern Europe, potato and other root crops are expected to show increases. Since potato yield is impeded by both periods of soil water excess and deficit that are brought about by irregular rainfall (Benoit & Grant 1985) , the stress and yield loss caused by excess water also need to be addressed. In our conditions, the influence of extreme weather conditions is particularly notable in the site-specific conditions of heterogeneous relief. This study demonstrated that a simple change in the water modelling scheme of a crop model, based on the method by Romanova (1966 Romanova ( , 1977 , will be able to reflect changes in yield and provide useful information for different parts of sloping relief. In our study, the greatest differences in yield as compared to plain surface occurred in the foothill of the slope. Thus inflow appears to be more important than outflow to yield, be it positive or negative. Although there is no definite understanding about how the precipitation pattern in Estonia will change in the future, most climate change scenarios indicate an increase in annual precipitation (Keevallik 1998; Kont et al. 2003) . Also, the precipitation variability is predicted to increase (e.g. the BACC Author Team 2008), leading to more frequent drought periods and more intense flooding rainfalls. Thus, site-specific considerations like the present one become even more important in the future and should be included in crop models to bring more effective land use within reach in agricultural production.
